Introduction
============

Preeclampsia is a syndrome broadly defined by hypertension and proteinuria that affects 5 to 7% of all pregnancies. However, the diagnosis of preeclampsia encompasses a diverse maternal phenotype. Severe disease is not well defined but incorporates those patients with end organ manifestations, severe hypertension, coagulopathy, and/or those with preterm disease.^[@bib1]^ Although the mechanism by which preeclampsia develops is not fully understood, some theories based in aberrant placental implantation and/or immune-mediated causes have led to investigations searching for the prevention and early detection strategies for this puzzling disease. The theory of abnormal placental implantation or reduced trophoblast invasion continues to link preeclampsia and intrauterine growth restriction (IUGR) as pregnancy disorders with a common pathogenesis.^[@bib2]^ In fact, fetal IUGR has been traditionally included in the diagnostic criteria of severe preeclampsia regardless of other maternal manifestations of the disease.^[@bib1]^ Historically, preeclampsia has been thought to lead to some of the most severe cases of IUGR.^[@bib3]^

The impact of diagnosing severe preeclampsia after a certain gestational age is iatrogenic delivery, which often is preterm. Given the wide range of clinical phenotypes in preeclampsia, this raises the question of whether all the criteria that determine severity of preeclampsia should be managed similarly to optimize maternal and fetal outcome. Specifically, there is a lack of higher level evidence demonstrating that IUGR, in the absence of other severe maternal symptoms, should result in the diagnosis of severe disease and, therefore, impact clinical management.

Further confounding the relationship between preeclampsia and IUGR is that preexisting maternal co-morbid conditions, such as chronic hypertension (CHTN), have been associated with the development of IUGR, independent of preeclampsia.^[@bib4],\ [@bib5]^ Current theories suggest that the leading insult for IUGR in preeclampsia and in maternal preexisting CHTN is abnormal placental trophoblast invasion. If this theory is correct, one would expect that women with severe preeclampsia and those with CHTN with superimposed preeclampsia would have the highest risk of IUGR with the latter having the highest risk due to a 'cumulative effect\'.^[@bib6]^ On the basis of this proposed pathogenesis, we would expect that women with mild preeclampsia compared with severe disease might be less likely to have fetuses affected by IUGR.

The aims of our study were (1) to describe the prevalence of IUGR in women with preeclampsia (with and without CHTN) compared with controls, (2) to investigate the relationship between IUGR and severity of preeclampsia, and (3) to elucidate the contribution of CHTN to the development of IUGR in women with and without preeclampsia.

Methods
=======

After obtaining approval from the institutional review board, we performed a large case--control study, 'Preeclampsia: Mechanisms and Consequences\' at the Hospital of the University of Pennsylvania. Cases and controls were collected prospectively and were frequency matched for race (African American vs other) given the baseline racial mix at our institution and the known predominance of preeclampsia among African American women.

All women admitted to Labor and Delivery with preeclampsia were eligible for enrollment. Cases were prospectively identified based solely on maternal criteria for preeclampsia. Classification of preeclampsia was based on maternal American College of Obstetrics and Gynecology guidelines. Mild preeclampsia included the diagnosis of gestational hypertension and was defined as blood pressure ⩾140/90 mm Hg on two measurements ⩾6 h apart and proteinuria (0 to 1+). Severe preeclampsia was defined as blood pressure ⩾140/90 mm Hg on two measurements ⩾6 h apart and \>1+ proteinuria with any of the following: (1) platelets\<120 K, (2) AST\>45, (3) ALT\>60, (4) creatinine ⩾1.0, (5) delivery before 37 weeks secondary to preeclampsia, (6) eclampsia, or (7) intravenous anti-hypertensive medications before delivery. Neither prenatal nor postnatal diagnosis of IUGR was included in our diagnostic criteria for preeclampsia. On the basis of these prespecified criteria, subclassification of preeclampsia into mild or severe categories was determined by the primary and senior author and not by physician diagnosis. Preterm preeclampsia was defined as those cases delivered at \<34 weeks due to the diagnosis of preeclampsia. Controls were prospectively enrolled from women presenting for delivery at term (⩾37 weeks) either for scheduled induction of labor, scheduled cesarean section, spontaneous rupture of membranes, or term labor. Women with preexisting medical conditions or fetal anomalies were included in both the case and control groups.

Trained research nurses collected information on height, race, ethnicity, and family history by patient interview at the time of enrollment. Other history including obstetric, demographic, prenatal, delivery, and neonatal information were collected from prenatal and hospital chart abstraction by trained research nurse abstractors. The primary investigator reviewed all data sheets for completeness and consistency.

The diagnosis of CHTN was defined by patient history, prior use of anti-hypertensive medications, or blood pressure \>140/90 mm Hg before 20 weeks gestation. Diabetes mellitus was defined as the presence of pregestational or gestational diabetes. The standard definitions for IUGR \<10% (IUGR10) or \<5% (IUGR5) were based on the Alexander curve reference for fetal growth using gestational age at delivery and actual birth weight.^[@bib7]^

Statistical methods
-------------------

The prevalence of IUGR among women with preeclampsia and controls as well as by severity of disease among women with preeclampsia was evaluated using Pearson χ^2^ tests of association. Significant confounders (race, maternal age (\>30), CHTN, diabetes, tobacco use, and early pregnancy (from first prenatal visit) body mass index (BMI) ⩾30) were controlled for using multivariable logistic regression. Parity was not considered a confounder as it was only associated with preeclampsia and not with IUGR. Because of the case/control design, the outcome in the logistic models was case/control status, or severe vs mild preeclampsia. Tests for effect modification/interaction between CHTN and IUGR were also evaluated using stratified analyses and tests of interaction within logistic regression models. All analyses were performed using STATA statistical software, version 9.0 Special Edition (College Station, TX, USA).

Results
=======

Over the study period from April 2005 to August 2007, approximately 10% of cases and 17% of controls approached declined participation. The total number of patients in our final analysis included 430 patients with preeclampsia (161 mild and 269 severe cases based on maternal criteria (Methods section) and 568 controls.

The demographic characteristics of our patients are presented in [Table 1](#tbl1){ref-type="table"}. Our controls represent a general obstetric population with approximate prevalence of 5% for CHTN and 4% for diabetes. There were no significant differences between patients with preeclampsia or controls with regard to tobacco use or mean gestational age of prenatal screening (14 vs 14.8 weeks). However, the proportion of African American women, women with a BMI⩾30 and primiparous women was slightly higher in the cases than in the controls.

[Table 2](#tbl2){ref-type="table"} illustrates the prevalence of IUGR10 and IUGR5 by disease status. The prevalence of IUGR10 and IUGR5 was significantly different when the three groups (mild cases, severe cases, and controls) were compared. [Table 3](#tbl3){ref-type="table"} shows the results of the multivariable logistic regression analyses comparing cases with controls. Women with preeclampsia have a 2.7 ((1.94 to 3.86)) and 4.3 ((2.58 to 7.17)) times increased odds of having a fetus with IUGR10 and IUGR5 compared with controls after controlling for confounders including race, maternal age (dichotomized at age \>30), obesity (BMI⩾30), diabetes, CHTN, and tobacco use. Within the cases only, after controlling for these same confounders, there was an increased odds for IUGR10 (AOR=1.82, (1.11 to 2.97)) but not IUGR5 (AOR=1.56, (0.85 to 2.86)) among severe cases compared with mild cases. When cases delivered preterm (\<34 weeks) were compared with cases delivered ⩾34 weeks, an increased odds of IUGR10 among the preterm cases was evident (AOR=1.7 (1 to 3), *P*=0.05).

[Table 4](#tbl4){ref-type="table"} explores the prevalence of IUGR in women with and without CHTN in cases vs controls. Women who delivered with preeclampsia but without CHTN had the highest prevalence of IUGR. Although the total number of women with CHTN was small, there was significant effect modification/interaction between CHTN and IUGR10 (interaction *P*-value 0.04) after controlling for race, age\>30, diabetes, BMI ⩾30, and tobacco use. Given this significant interaction, in women without CHTN, the odds of IUGR10 was 3.03 ((2.11 to 4.34), *P*=\<0.001) times higher in the cases compared with controls. However, in women with CHTN, the odds of IUGR10 was similar between the cases and controls (OR=0.92, (0.30 to 2.82), *P*=0.88). The interaction between IUGR5 and CHTN was not significant (interaction *P*-value=0.62).

Discussion
==========

As preeclampsia has a prevalence of approximately 5 to 7%, prospective studies are limited in their ability to study the prevalence of IUGR in women with preeclampsia and to assess the validity of incorporating IUGR in the definition of severe preeclampsia. With our case/control design and the fact that severe preeclampsia was defined in our study by maternal---not fetal---criteria, we were able to evaluate (1) the prevalence of IUGR in women with and without preeclampsia, (2) the relationship between IUGR and the severity of preeclampsia, and (3) the interaction between IUGR and CHTN. In our study, women with preeclampsia did have a higher prevalence of IUGR10 and IUGR5 when compared with controls, as earlier studies have demonstrated.^[@bib4]^ There was a moderate increased prevalence of IUGR10 in severe cases when compared with mild cases of preeclampsia. However, one would have expected a much larger effect size difference when comparing both mild-to-severe cases and ⩽34-week cases to \>34-week cases, given the current inclusion of IUGR into the diagnostic criteria for severe diseases. Further, although CHTN is an independent risk factor for IUGR and is independently associated with the development of preeclampsia, the mechanism by which these pregnancies develop IUGR seems to be more complicated. Our findings suggest that there may be disparate mechanisms by which IUGR occurs in patients with CHTN and superimposed preeclampsia, patients with only CHTN, and patients with preeclampsia alone. In patients with CHTN and superimposed preeclampsia, the pathogenesis of IUGR may be related by a variety of factors including the use of medications, aggressiveness of treatment of hypertension, or willingness to deliver at a clinically earlier stage in the disease process. Our findings emphasize that preeclampsia is associated with IUGR independent of CHTN. The lack of synergy between preeclampsia and CHTN in the development of IUGR (as these patients did not have the highest rates of IUGR) suggests that the pathways leading to the development of IUGR may be disparate and not all IUGR develops from the same mechanistic pathways.

Before developing strategies on prevention and treatment for the preeclampsia syndrome, the mechanisms by which IUGR occurs in the presence and absence of preeclampsia and further in the presence or absence of CHTN need to be further elucidated. Ness and Sibai^[@bib8]^ suggest that the subset of women with both preeclampsia and IUGR result from a maternal predisposition to endothelial dysfunction leading to shallow placental implantation. Although this theory is plausible, the interaction between CHTN and IUGR that we observed, and its relationship to the development of preeclampsia, may suggest a separate mechanism.

In the WHO Antenatal Care Trial, Villar *et al.*^[@bib9]^ suggest that unexplained IUGR, although presumed to share a similar etiology with preeclampsia, actually seems to be biologically separate. Other factors suggesting possible mechanistic differences between the development of preeclampsia and the development of IUGR are the disparate risk factors between the two processes. Diabetes, obesity, and CHTN have all been associated with the development of preeclampsia.^[@bib4],\ [@bib5],\ [@bib10]^ However, IUGR is more common in women with lower BMI.^[@bib11]^ Diabetes is often more likely to result in macrosomic rather than IUGR fetuses except in cases of long-standing diabetes with vascular complications.^[@bib12]^ Further, tobacco use demonstrates this paradox with a strong association with IUGR but a protective effect in the development of preeclampsia.^[@bib13],\ [@bib14]^

The study design used for this investigation, a prospective case--control study, has several important advantages. First, we have a large number of cases including severe cases whose diagnosis was based solely on maternal criteria, allowing us to assess the independent association of the fetal condition with severe maternal disease. Second, these data were prospectively collected and are robust with information on clinically relevant exposure, outcome, and confounding variables that were strictly defined, with a small amount of missing data (\<10%). Third, the prevalence of CHTN, diabetes, and IUGR in our control population and IUGR in our cases (28%) is similar to that reported in the literature, imparting validity to our results.^[@bib4],\ [@bib15],\ [@bib16],\ [@bib17]^

Although there are several strengths, we must also explicitly state the limitations of our study. The mean gestational ages of the cases and controls are different given our protocol for control selection. Second, there is potential for misclassification bias of exposure variables, particularly CHTN. Some women may have CHTN who were not classified as such due to lack of prior diagnosis secondary to lack of health care or late entry into prenatal care (⩾20 weeks). However, the comparability in the mean gestational age at screening of our cases and controls and the prevalence of CHTN in our controls makes this less of a concern. Third, with differences in provider threshold for delivery of women with preeclampsia (confounding by indication), some mild cases may have been misclassified as severe if women were delivered before the 37th week of gestation. However, this is not the standard practice at our institution. We also examined preterm cases (\<34 weeks at delivery) to evaluate the most severe cases. Fourth, in this type of study design there is always the possibility that the assessment of the exposure status may have been influenced by our disease state. In this study, this is an unlikely limitation as the presence or absence of IUGR was based on actual birth weight and a standard curve, and the prevalence of IUGR in the cases and the controls correlates with earlier reports.

Our results suggest that the diagnosis of preeclampsia is significantly associated with IUGR. Interestingly, the development of IUGR in women with preeclampsia with and without CHTN may be disparate. Given these findings, further study is warranted to elucidate the potentially divergent pathogenesis leading to the development of preeclampsia and IUGR in women with CHTN vs those without. Further, the association between IUGR10 in mild and severe cases and preterm and non-preterm cases was present but there was only a mild-to-moderate association (\<2-fold odds). Although severe disease is associated with IUGR10, it remains unclear if IUGR should be included in the diagnostic criteria for severe disease. The current inclusion of IUGR in the diagnostic criteria affects clinical management as some cases of IUGR occur in patients who would otherwise be deemed to have mild disease. It remains unclear whether delivery is the optimal management strategy in these women. Recent data reveal the morbidity associated with late preterm delivery.^[@bib18],\ [@bib19]^ Development of ultrasound testing and technology allows for more sophisticated methods to monitor fetuses affected by IUGR thereby allowing more conservative management. These modalities include umbilical artery and ductus venosus doppler studies. As the inclusion of IUGR in the diagnosis of severe disease currently suggests delivery, even in the absence of other maternal indications of severe disease, it is time to re-evaluate whether this is the optimal management strategy.
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###### Demographics

  *Factor*                           *Mild cases* % (N=*161)*   *Severe cases* % (N=*269)*   *Controls* % (N=*568)*   P*-value*[a](#t1-fn2){ref-type="fn"}   \<*34 week cases* % (N=*86)*
  ---------------------------------- -------------------------- ---------------------------- ------------------------ -------------------------------------- ------------------------------
  Race (AA)                          87.6 (141)                 82.9 (224)                   74.7 (441)               \<0.001                                83.7 (72)
  CHTN                               8 (13)                     20 (54)                      5 (29)                   \<0.001                                24.4 (21)
  Diabetes                           5 (8)                      9.3 (25)                     4.6 (26)                 0.02                                   7 (6)
  Tobacco                            16.8 (27)                  14.5 (39)                    12 (68)                  0.24                                   12.8 (11)
  Early pregnancy obesity (BMI⩾30)   44.6 (66)                  47.5 (114)                   36.3 (192)               0.008                                  53.9 (42)
  Primiparous                        50.9 (82)                  50.2 (135)                   34 (193)                 \<0.001                                40.7 (35)

Abbreviations: AA, African American; BMI, body mass index; CHTN, chronic hypertension.

*P*-value represents three-way comparison of mild cases vs severe cases vs controls.

###### IUGR prevalence in cases and controls

  *IUGR*                             *Mild cases* % (N=*161)*   *Severe cases* % (N=*269)*   *Controls* % (N=*568)*   P*-value*
  ---------------------------------- -------------------------- ---------------------------- ------------------------ -----------
  \<10%[a](#t2-fn2){ref-type="fn"}   23 (38)                    30.5 (82)                    13.2 (75)                \<0.001
  \<5%[b](#t2-fn3){ref-type="fn"}    13 (21)                    16.4 (44)                    4.2 (24)                 \<0.001

Abbreviations: IUTR, intrauterine growth vestriction.

Mild vs severe (*P*=0.12).

Mild vs severe (*P*=0.35).

###### Multivariable logistic regression model: cases vs controls

  *Factor*                  *Unadjusted OR*   *Adjusted OR*[a](#t3-fn2){ref-type="fn"}   *95*% *Confidence interval*   P*-value*
  ------------------------- ----------------- ------------------------------------------ ----------------------------- -----------
  IUGR \<10%                2.57              2.73                                       1.94--3.86                    \<0.001
  IUGR \<5%                 4.11              4.3[b](#t3-fn3){ref-type="fn"}             2.58--7.17                    \<0.001
  CHTN                      3.43              2.9                                        1.77--4.75                    \<0.001
  Diabetes                  1.73              1.9                                        1.07--3.37                    0.028
  Tobacco                   1.33              1.05                                       0.70--1.59                    0.81
  Early pregnancy BMI ⩾30   1.52              1.31                                       0.98--1.75                    0.07

Abbreviations: BMI, body mass index; CHTN, chronic hypertension; IUGR, intrauterine growth restriction.

Adjusted odds ratios from multivariable model including IUGR10, Race (AA vs other), age\>30, CHTN, Diabetes, BMI⩾30, and tobacco use.

Adjusted odds ratios from multivariable model including IUGR5, Race, age\>30, CHTN, Diabetes, BMl⩾30, and tobacco use.

###### Prevalence of IUGR in cases and controls with and without CHTN

               *CHTN*      *No CHTN*                                  
  ------------ ----------- ----------- ------ ----------- ----------- ---------
  IUGR \<10%   19.4 (13)   20.7 (6)    0.88   30 (108)    12.8 (69)   \<0.001
  IUGR \<5%    10.4 (7)    3.4 (1)     0.25   16.3 (59)   4.3 (23)    \<0.001

Abbreviations: CHTN, chronic hypertension; IUGR; intrauterine growth vestriction.
